In this paper we describe the use of modified passive capillary samplers (PCSs) to investigate the water isotope variability of snowmelt at selected sites in Slovenia during winter 2011/2012 and during winter 2012/2013. First, PCS with 3 fibreglass wicks covering approximately 1 m 2 were tested to determine sample variability. We observed high variability in the amount of snowmelt water collected by individual wick (185 to 345 g) and in the isotope composition of oxygen (δ 18 O −10.43‰ to −9.02‰) and hydrogen (δ 2 H −70.5‰ to −63.6‰) of the collected water. Following the initial tests, a more detailed investigation was performed in winter 2012/2013 and the variability of snowmelt on the local scale among the different levels (i.e. within group, between the close and more distant groups of wicks) was investigated by applying 30 fibreglass wicks making use of Analysis Of Variance (ANOVA) and a balanced hierarchical sampling design. The amount of snowmelt water collected by an individual wick during the whole experiment was between 116 and 1705 g, while the isotope composition varied from −16.32‰ to −12.86‰ for δ 18 O and from −120.2‰ to −82.5‰ for δ 2 H. The main source of variance (80%) stems from the variability within the group of wicks (e.g. within group) while other sources contribute less than 20% of the variability. Amount weighted samples for the 2012-2013 season show no significant differences among groups, but significant differences for particular sampling events were observed. These investigations show that due to the variability within the group of wicks, a large number of wicks (> 5) are needed to sample snowmelt.
INTRODUCTION
Snow and snowmelt significantly contribute to river discharge and groundwater recharge (Bavay et al., 2013; DeWalle and Rango, 2008) . The role of mountains in providing the indispensable water resources for municipal and industrial water supply, irrigation, hydropower production and other environmental services is well known and unquestioned (Fayad et al., 2017; Mankin et al., 2015) . In Europe in particular, the Alps, with their seemingly vast water resources, are of immeasurable importance for the economic and cultural development of not only the Alpine Arc, but also the lowlands and major urban areas far beyond (Viviroli and Weingartner, 2004; Viviroli et al., 2011) . In the Alpine climate zone, the amount of water stored in the snowpack and the amount released during snowmelt varies considerably in space and time and substantially influences the water cycle and aquifers recharge during the snowmelt period (Weber et al., 2016) . Therefore, an accurate snow balance study is necessary in mountain areas for determining water storage capacity and for assessing water residence times, which are crucial for protecting alpine water resources. Recent climate warming and changes in atmospheric circulation patterns have resulted in reductions in the duration of the snow cover season, the amount of water stored in the snowpack, and a trend towards an earlier melt (Hohenwallner et al., 2011) . Therefore, monitoring the effects of climate change on water resources requires techniques capable of identifying and quantifying the relative contribution of snowmelt to surface water flow and groundwater recharge (Penna et al., 2014) .
Isotopes of oxygen and hydrogen in water molecule proved to be useful tracers of water cycle and have played an important role in hydrology in investigating of snow and its influence on runoff (e.g. Engel et al., 2016; Friedman et al., 1991; Jeelani et al., 2017; Moser and Stichler, 1974; Sokratov and Golubev, 2009) . A major challenge when using these methods is identifying the contribution of snowmelt to runoff and determining the appropriate isotope composition of the snowmelt (Lee et al., 2010; Penna et al., 2014) , which is variable at the local and regional scale (DeWalle and Rango, 2008; Pomeroy and Brun, 2001) . Historically, different approaches were adopted like investigating snow cores, using snowmelt lysimeters or in-situ sampling of snowmelt (Penna et al., 2014 and references therein) . Recently, in the frame of the project "Use of environmental isotopes in assessing water resources in snow glacier and permafrost dominated areas under changing climatic conditions" managed by the International Atomic Energy Agency (IAEA), passive capillary samplers (PCS) based on a modified design by Frisbee at al. (2010) , were placed at 11 sites in ten partner countries (Penna et al., 2014) . A novel approach for obtaining snowmelt water samples for isotope analysis was presented including the strengths and weaknesses of proposed PCS method in comparison to other techniques. In each participating country, the PCSs were deployed according to its own specific research questions and requirements (Jeelani et al., 2016; Krajči et al., 2016; Massone et al., 2016; N'da et al., 2016; Penna et al., 2014 Penna et al., , 2017 .
In Slovenia, previous isotope investigations Ogrinc et al., 2008; Ortar et al., 2013; Torkar, 2016; Torkar et al., 2016; Vreča et al., 2013 ) revealed large seasonal variations in the isotope composition of hydrogen and oxygen in precipitation, surface waters, groundwater and the snowpack. The influence of snowmelt, although known to be an important driver of these isotopic fluctuations, was not quantified. Information on snowmelt isotope composition is important for estimating recharge components, residence times and the recharge area. To obtain this information it is important to investigate the variability of the snowmelt in time and space.
The aim of the present paper is to present in detail the results of testing modified PCSs and the evaluation of the stable isotope composition of snowmelt based on a balanced Analysis of Variance where sources of variance at different levels (at the temporal and spatial scales) were predefined.
MATERIALS AND METHODS Study area
PCSs were positioned on the flat plain above the resurgence area of the River Radovna. The Radovna valley is situated in north-west Slovenia in the eastern Julian Alps (Figure 1 ). It lies between the two high karstic plateaus of Pokljuka and Mežakla. Both plateaus together along with the eastern part of the Julian Alps represent the Radovna River watershed. The bottom of the valley is filled with fluvioglacial and alluvial sediments creating a large unconfined porous aquifer used as drinking water supply for 29,700 inhabitants. A detailed description of the River Radovna valley and of the study site can be found in Torkar et al. (2016) .
The wider area of the Julian Alps is characterised by high precipitation, rapid runoff, and low evaporation (Dolinar et al., 2008; Frantar et al., 2008) . Its climate is defined by long cold winters and short summers with frequent precipitation. In the upper Radovna River valley a meteorological station is located at Zgornja Radovna (ZR, Figure 1 ; 46°25'41.88'' N, 13°56'36.24 '' E, altitude 750 m a.s.l.) where precipitation and snow depth are measured daily (Nadbath, 2012) . Snow starts to accumulate in late autumn. The snow cover is regular and typically lasts for more than 100 days. In the spring/summertime, snowmelt feeds the streams . In recent years, the snow cover season has become shorter and the average snow depth has reduced, which has affected the discharge regime (Dolinar et al., 2008; Frantar et al., 2008) .
Our 
Sampling
Modified PCSs as described in Penna et al. (2014) were used for the first time in winter 2011/2012 in six different countries. We performed the first tests at the meteorological station ZR (Figure 1 ). We used one PCS constructed from a plastic box with 3 fibreglass wicks (IAEA) passing through the lid of a sample collection bottle (1L) with the fiddleheads placed directly on the ground. The whole PCS covered an area of 1 m 2 and was installed on 26 November 2011. The snowmelt samples were collected on 10 May 2012.
Based on the results from winter 2011/2012 we performed more extensive investigations in winter 2012/2013 to determine the variability of snowmelt isotope composition associated with the PCS at the local and regional scales (Penna et al., 2014) . Variance component analysis based on an Analysis Of Variance (ANOVA) and a balanced hierarchical sampling design ( Figure  2 ) was used to identify different possible sources of variability of amount of collected water and its stable isotope composition to compare: 1) wicks inside of a group (level A -defined as within group variability); 2) groups of wicks that are close to each other (level B -defined as variability between sampling clusters); 3) variability in the wider space (level C -defined as variability between sampling locations) on plain where level B samplers are separated for several hundred meters at the same altitude. The area selected for installation of the PCS was considered as homogenous with no significant differences in climate and morphology.
PCSs were prepared according to a common protocol (IAEA) including construction and installation (Penna et al, 2014) . The most important part of the PCS is the wick (a fiberglass rope with a core, 10 mm, No. 167 7 995, Bergal Erfurter Flechttechnik GmbH). The PCSs for our experiment were prepared in the laboratory as follows:
1. The rope (wick) was washed with deionized water until the measured electrical conductivity reached <100 μS/cm. 2. The wick was then dried and cut into 80 cm sections. 3. Plastic tubing was cut into 60 cm sections and the wick was pulled through the plastic tubing allowing 20 cm of the wick to remain exposed. The exposed wick was then rolled and secured with plastic band. 4. The wick was then fed through lid of a sample collection 1L bottle. The final PCS consisted of a box with 5 wicks connected to bottles (Penna et al., 2014) .
5. Finally, the exposed wicks were placed on the top of a plastic barrier and secured to the ground using a u-shaped pin (Penna et al., 2014) .
We installed the PCSs at 2 locations in the Radovna River valley near to the precipitation station ZR (Figure 1 To assess the variability at the different altitudes we installed a PCS with 5 wicks in the recharge area of the Radovna River on the Pokljuka plateau (location P; 46°21'54.80'' N, 13°56'15.50'' E, 1330 m a.s.l., Figure 1 ), south of the Radovna sampling site on the 1.12.2012. The sampler was emptied only at the end of the snow season (18 May 2013). Due to high snow cover in winter 2012/2013 not all of the snowmelt water was collected at location P (maximum 1115 g) and as a result the data were used only for a qualitative comparison and were not included in the ANOVA.
Isotope analysis
The oxygen stable isotope composition (δ 18 O in ‰) of three samples collected in 2012 was determined using isotope ratio mass spectrometry (IRMS). For these samples we used a IsoPrime MultiFlow-Bio module while all of the other samples were analysed using a Varian MAT 250 IRMS at the Jožef Stefan Institute (JSI) by means of water-CO 2 equilibration technique. All measurements were carried out against laboratory standards periodically calibrated against primary IAEA calibration standards to VSMOW/SLAP scale. Long-term measurement precision of control sample was better than 0.07 ‰. Hydrogen (δ 2 H in ‰) was determined in the Isotope Hydrology Laboratory (IHL) at the IAEA by means of off-axis integrated cavity output laser spectroscopy (OA-ICOS, Los Gatos Research, Mountain View CA, United States of America). All measurements were carried out against laboratory standards calibrated against primary IAEA calibration standards to VSMOW/SLAP scale. The typical uncertainty reported as the long-term standard-deviation of a control sample was 0.5‰ for δ 2 H.
Data evaluation
Basic descriptive statistics, i.e. weighted mean, minimum, maximum and range and the deuterium excess (d = δ 2 H -8×δ 18 O; Dansgaard, 1964) were calculated for each PCS. These statistics are illustrated as box-plots (i.e. min -max, first and third quartiles, median and mean). The weighted mean was calculated for data from G and Gu since the bottles were emptied twice during the winter 2012/2013 and consequently isotope composition of water for the first and second sampling period was measured separately. The mean δ 
RESULTS AND DISCUSSION
During the first snowmelt investigations in winter 2011/2012 we collected only 3 samples (ZR1-1, ZR1-2 and ZR1-3; Table 1 ). The amount of the collected water varied from 185 to 345 g (mean 248 g, range 160 g) and was smaller than expected in an average winter but reasonable due to particular climatic characteristics during winter 2011/2012 when the ground was mostly uncovered by snow and the maximum snow depth at location ZR was only 18 cm. The δ 18 O, δ 2 H and d values varied between −10.43 and −9.02‰ (weighted mean −9.96‰, range 1.41‰), −70.5 and −63.6‰ (weighted mean −68.0‰, range 6.9‰), and 8.5 to 13.1‰ (weighted mean 11.7‰, range 4.6‰), respectively. The data obtained showed high variability in the amount of the collected water and its isotope composition inside of a group of wicks (1 m 2 ). During winter 2012/2013 we performed sampling according to the balanced design (Figure 2) . Results for all 35 wicks installed at G, Gu and P are summarized in Tables 1 to 3 while  the descriptive statistics are presented in Table 4 . Results for G and Gu are presented in Tables 2 and 3 while weighted means for each wick are included in Table 1 . Similarly as for winter 2011/2012, we observed considerable variation in the amount of collected water and its isotope composition at all locations and also between the two sampling campaigns at G and Gu (Table 4, Figures 3-5 ). In addition, we observed at both locations a large variability in the amount of water collected (Table 4 ) during the second sampling period. At P, we collected on average less snowmelt water than at G and Gu (Table 4) . As expected, the water was depleted in heavier isotopes ( 18 O and 2 H) due to the higher altitude of P.
Results of ANOVA and variance component analysis are presented in Tables 5 and 6 . In all cases, the estimated interaction was not significant at the α = 0.05 level. It also follows that the mean square for the interaction is smaller than the mean square error of the model meaning that the variance of interaction is less than zero. We interpret it as that sampling at one location does not influence the data obtained from other sampling locations. Accordingly, such variance does not exist and consequently no statistical interaction is present. This conclusion agrees with the selected design and conditions in the field. If we did observe an interaction, another, more complicated model of ANOVA with no interaction would have to be applied.
When performing ANOVA on the data from G and Gu during both sampling campaigns the situation appears more complicated. For instance, for amount of water, we observe no significant differences in the mean amount of water sampled, while for δ 18 O the differences are significant between the dif-ferent sampling locations. We also observe a significant difference between locations in the second sampling period for d-excess. For the second observation period, significant differences in averages can be observed between clusters for δ 2 H.
From the variance component analysis it follows that the largest part of the variability is present at level A -within groups, inside of the PCS clusters (Tables 5 and 6 ). The variability at level A in amount of water is similar as in the case of O the dexcess for ANOVA is different. For the first sampling campaign nearly all variability is at the level A, but for the second sampling campaign the variation sources are nearly similar for levels A and C.
The ANOVA for weighted mean isotope composition and cumulative sampling volume shows that between all levels and groups no significant differences in averages are present. In this case variance components reveal how nearly all variability is present for the variance source within groups (Tables 5 and 6 ), meaning that a large part of the variability is present inside of the sampling cluster of the PCSs. Following the applied model some variability is also present between sampling clusters, but variability between locations is small and can be neglected. The reverse is observed for d-excess (Table 6 ); here variability is relatively large between the sampling sites but negligible between the clusters. A comparison of the results obtained for winter 2012/2013 at P with the results from G and Gu (Table 1) reveals no visual significant difference between the sites (Figure 3) . The range of variability at P is very similar to other sites.
The differences between the results obtained at G and Gu for winter 2012/2013 (Figure 3 ) and for the two sampling campaigns (Figures 4 and 5) have important implications for interpreting the isotope composition of snowmelt when several snowmelt events are possible during winter such as in the case of Radovna. The data obtained from the first and the second sampling campaigns in winter 2012/2013 at G and Gu show differences in variability structure. When we calculate the means weighted by the amount of water, the differences between variability structures representative for particular period diminish and integrate (Tables 5 and 6 ). This can have important consequences when interpreting residence times in groundwater based on this data. If residence times are short (e.g. in karstic aquifers), it is important to observe the isotope composition of each snowmelt event. Contrary, when residence times are long (e.g. in porous aquifers with relatively low permeability), integrated data for all snowmelt events are needed.
Our findings regarding variance component analysis have important implications for the future sampling strategies of snowmelt with PCSs. We have shown that most of the variability is present inside of the PCSs sampling clusters (level A, within groups) and that the share of other variability components is relatively small in homogeneous regions. This shows that the variability in the isotope composition of snowmelt at one location (approx. 1 m 2 ) is high and should be sampled using a large number of wicks (more than 5) and at the same time there is no need to sample snowmelt at other places with similar conditions. With a small number of wicks we cannot define the variability in isotope composition. As shown before, the lack of information on isotope composition variability can have important consequences in the case of other models where isotope composition of snowmelt represents input data.
We observed also a large variability in the amount of water collected inside of the PCSs clusters (at level A). This indicates that suction of water by the fiberglass rope and therefore its physical characteristics (permeability and transmissivity) affects the amount of snowmelt water collected in each sampling bottle. Suction of water through the fibreglass wicks also depends on its pre-event state. If the wick is saturated it will behave completely differently than if it is dry. The amount of water collected by the sampler can also be influenced by the fiddlehead position on the ground and how it is exposed on top of the plastic barrier. Similarly, the variance structure between the amount of snowmelt and the stable isotope composition of the snowmelt indicates that it is possible that the amount of collected snowmelt water can influence its isotope composition. Therefore, the physical characteristic of wicks and their influences on the stable isotope composition of snowmelt water must be further investigated.
There are several strengths and weaknesses in applying the PCS method and some of the questions that remain open are already discussed in detail in Penna et al. (2014) . During our sampling campaigns we have recorded similar problems. The large variability in the amount of water collected shows that the maximum was somehow limited because some bottles were full or almost full (in our case 34% of bottles in the second sampling campaign) and therefore we assume that not all the melt water was collected. Similarly, as reported by Penna et al. (2014) there are indications that due to the rapid melting of the snow, not only snowmelt but also the overland flow over still frozen ground was sampled and some rain events were recorded. In addition, snow was already on the ground when we installed the PCS and the samples were not collected immediately after all the snow had melted.
CONCLUSIONS
In this paper, we present detailed results of snowmelt isotope investigations performed using modified PCS in Slovenia during two winters. The differences were expected in snowmelt isotope composition at different levels due to space and time heterogeneity characteristic for snowpack in temperate areas and related to changes in air temperature, wind, relative humidity and precipitation (snow and rain) events. Testing of the PCS was performed to determine the variability of collected snowmelt water and the stable isotope composition of the samples within a group of wicks distributed over a small area, within sampling clusters at each location separated by a few meters and between locations separated by a few 100 m but with similar conditions.
Results of applied balanced sampling design and ANOVA revealed no significant differences in the mean values between all levels and groups for amount of water weighted mean values for the entire winter. However, if snow is not permanently present on the ground through the winter and the snowmelt is sampled more often, the variability between locations becomes significant for the oxygen and hydrogen isotope composition. For all sampling events and the whole data set, nearly all of the variability is related to source of variance related to a particular group of wicks (e.g. within group variability).
Our results show that the isotope composition of snowmelt should be sampled using a relatively large number of wicks on site. In relatively homogeneous regions (e.g the same altitude, snow exposition and similar meteorological conditions) the variability among the different sampling sites is relatively small and makes only a small contribution to total variability.
Further work is needed to characterise the isotope composition of infiltrated melt water, particularly in karstic areas where snowmelt begins at different times, at different altitudes and it is often mixed with rain which blurs the snowmelt isotope signal in the runoff.
